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Abstract

Two  f lig ht tests wer e co n du cted , u sin g th e Cen ter 
TRA CO N A utom ation  S y stem  (CTA S)  an d a Boein g 
7 37  r es ear ch  airp lan e, to  s tu dy  tr ajector y- p rediction 
accur acy . Fo u r levels of  co ck pit auto mation  were
evalu ated to  stud y the in fluence o f avion ics  o n trajecto ry 
p redictability. 4 8 d es cen t ru ns  were an alyzed, u s in g rad ar 
and  s atellite-n av ig ation  data to  m eas ur e CTA S an d 
F ligh t- Man ag ement-S y stem  (F MS ) p rediction  accu racy
and  err o r so u rces . Mean arr iv al- time- pr ed ictio n err or s
( CTAS  an d FMS ) were less  th an  1 5  s ec with  s tan dar d
d ev iatio ns  less  than  1 3 s ec. The d om inant er ro r s ou rce
w as  the pr ed icted  w ind s alo ft. CTA S air plan e-
p er fo rm ance- m od el er ro rs  did no t con tribu te sign ificantly
to ar riv al-time err o r, b u t did aff ect v er tical-p r of ile- 
p rediction  accu racy . A lth ou gh  er ro rs  in  r ad ar- bas ed 
p os itio n  and  velo city es tim ates  had n o sign ifican t
inf lu en ce on  test r esu lts , sign ifican t er ro r s in  th e velocity 
estim ates wer e meas u red d ur in g tur ns . The m o st
s ig nifican t eff ect r elated to  co ck pit autom ation  was a
tur n- ov ers ho o t er ro r  ass o ciated  with  un eq uip ped,
“clas sic” air plan es . ( FMS -later al- nav ig atio n  ( LN A V) 
g uidance elim in ated  su ch  er ro r.)  P ilo t pr ocedu res  and 
v er tical g uid an ce w ere also  f ou n d to  sign if icantly redu ce
the v er tical- pr of ile err o r as so ciated  w ith err or s  in CTA S
atm os ph eric and  p er f or man ce m od els .

Introduction

Air Traffic Management (ATM) research at NASA has
led to the creation of the Center-TRACON Automation
System (CTAS). CTAS is designed with the long-term
goal of integration with airspace-user automation,
including avionics such as Flight Management Systems
(FMS). The objective is to maximize user flexibility,
traffic throughput, and ATM and user productivity.

Trajectory-prediction accuracy directly influences the
effectiveness and efficiency of ATM decision support
tool (DST) advisories for flow-rate conformance (e.g.,
arrival metering), separation assurance, and vertical
profile planning. Improved accuracy benefits the system
by reducing conflict-prediction uncertainties and the
need for excess separation buffers. In addition,
advanced concepts that integrate FMS and ATM-DST
capabilities depend on the relative accuracy of both
systems. Relative accuracy not only influences the
performance of air-traffic services, but also impacts the
requirements for defining globally-interoperable
avionics that depend on, among other things, the
compatibility of FMS and ATM DSTs.

The transition to and from terminal airspace is a key
challenge. Although accurate predictions may be
relatively easy for straight-and-level flight, transition
trajectories involve significant changes in course,
altitude, and/or speed. Efficient transition trajectories
depend on the planning and execution of smooth paths
with minimal deviation (i.e., efficient 4D management).

FMS and ATM DST technologies have developed, for
the most part, independently. An FMS is designed to
help a pilot plan and fly a user-efficient flight profile
that satisfies performance restrictions and operational
constraints. In contrast, ATM DSTs must plan for
multiple aircraft interactions to schedule arrivals, ensure
separation, and provide suggested speed, altitude, and
routing clearances to maximize throughput.

Early piloted-simulation tests of ATM trajectory-
prediction algorithms demonstrated favorable results in
terms of meter-fix arrival-time accuracy [1, 2].
Supplementary tests were needed to evaluate accuracy
under realistic field conditions, including the errors
associated with radar tracking, aircraft-performance
modeling, and atmospheric (winds-aloft) prediction.

Two flight tests were conducted at the Denver Center to
validate ATM DST and FMS trajectory predictions. This
paper describes these tests and summarizes the results in
terms of 4D trajectory-prediction accuracy and error
sources. Although the data set (48 runs) is not large
enough to be statistically significant, the results provide
insight into real-world accuracy and error sources.

Center - TRACON Automation System

CTAS is an integrated suite of ATM DSTs that assist
controllers with computer-generated information and
advisories [3]. The CTAS En route Descent Advisor
(EDA) is an en route DST that automatically updates
4D predictions for all aircraft in the climb, cruise, and
descent phases of flight. EDA algorithms for flow-rate
conformance and conflict detection and resolution
(CD&R) provide controllers with clearance advisories
that minimize deviations from the user’s preferred
trajectories. EDA advisories are particularly useful for
high-density arrival metering, en route spacing, and the
merging of departures into en route streams.1 A detailed
description of the EDA concept, functional overview,
and benefits may be found in [4].
                                                            
1 A near-term spin-off capability, called Direct-To (D2), is currently
undergoing field trials. D2 provides the controller with flight-path
shortcut advisories and an interface to minimize workload.



2

EDA Trajectory Prediction Process

4D trajectory predictions form the cornerstone of
CTAS/EDA. Trajectory predictions are generated based
on aircraft state, flight-path intent, aircraft-performance
models, and predicted atmospheric state (winds and
temperatures aloft). The initial position, velocity and
altitude of each flight are estimated from the best source
available (flight plan, radar track, or data link). The
flight-path intent is defined as a series of waypoints
defining the path to the destination. This intent is based
on the aircraft’s current state, flight plan, local Air-
Traffic-Control (ATC)  procedures, and CTAS heuristics
that relate the aircraft’s current state to the flight plan
and local procedures. The local procedures are defined
in a CTAS navigation database in terms of altitude,
airspeed, and course restrictions. Special functions and
a controller-friendly graphical user interface ensure that
EDA predictions are consistent with controller intent.

CTAS trajectories are synthesized in two steps.  First, a
horizontal track is generated by connecting the
waypoints with a series of straight-line and circular turn
segments.  As for an FMS, waypoints are modeled as
either "fly-by" or "fly-over" according to local airspace
adaptation data. The turn segments are based on a
parameterized bank angle and an estimated average
ground-speed for the turn. This ground-speed is based
on an airspeed profile and a wind estimate along a
simple kinematic altitude profile.  The airspeed profile
is either inferred from a combination of the flight plan,
controller input, radar tracking, and the CTAS database,
or dynamically selected by EDA for flow-rate-
conformance advisories.  Second, the altitude and time
profiles are computed by integrating a set of simplified
point-mass equations of motion along the established
ground track.  A detailed set of aircraft-performance
models are used to define the thrust, drag, and speed
envelope for each aircraft type. The atmosphere is
modeled with a 3D grid of wind, temperature, and
pressure [5]. A detailed description of the CTAS
trajectory-synthesis process is presented in [6].

Flight Test Experiment Description

Objective

The primary objective of the flight test was to validate
CTAS and FMS trajectory-prediction accuracy and
identify and measure the significant sources of error. A
secondary objective was to determine the impact of
various levels of flight-deck automation on trajectory
predictability. The results were intended to support
several research and development activities including
the following:
1) improvements to ATM and FMS prediction

algorithms;
2) improvements to DST-data sources (e.g., aircraft

track in g  and  wind  an d tem peratu r e pr edictio n s) ; and 
3) development of trajectory-prediction-error models

to support sensitivity studies for determining the
statistical representation of errors [7-11], the sizing
of buffers for conflict prediction, and the real-time
analysis of conflict probability [12].

The Phase-I flight test focused on straight-path descents
(Figure 1a) with an emphasis on the analysis of
modeling errors that impact vertical-profile predictions
(e.g., aircraft performance and winds and temperature
aloft). The Phase-II flight test focused on complex
arrival routing and evaluated a wider range of FMS
capability for lateral navigation (LNAV) and vertical
navigation (VNAV). The arrival route (Figure 1b)
included a large turn during descent (typical for
complex arrival routes and delay vectors). Lateral-
prediction errors associated with such turns affect the
fuel-efficiency and predictability of descent trajectories.
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Figure 1a. Phase-I test airspace.
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Figure 1b. Phase-II test airspace.

Approach

The tests were designed to expose EDA to realistic
modeling errors with minimal impact to actual ATC
and flight operations. NASA’s Transport System
Research Vehicle (TSRV) B737 was operated on arrival
paths that replicated typical airline operations at
Denver. Each test flight consisted of several test runs
along a closed circuit (Figure 1). The TSRV was flown
from both the forward flight deck (FFD), representing
classic aircraft (e.g., B737-200), and the research flight
deck (RFD), representing FMS-equipped aircraft (e.g.,
B737-400). Test runs were conducted during low traffic
periods to allow the runs to be completed without
interruption.  Although interruptions commonly occur
as a part of normal ATC operations,2 it was desirable to
isolate the TSRV to measure the worst-case error
buildup and identify the magnitude of key error sources.

Experiment Set-up

Figure 2 illustrates the test setup. CTAS was operated
by a test engineer. The TSRV pilot and controller
coordinated pilot-discretion descents while the CTAS
operator relayed EDA advisories to the TSRV by radio.

                                                            
2 A key EDA-benefit mechanism is the reduction of tactical
(corrective) ATC clearances through the use of strategic planning that
is supported by a high degree of trajectory predictability [6,7].



3

CTAS was operated using data sources that represent
the quality of data available to a current-day operational
system. Aircraft track and flight plan data were
obtained from the ATC-Host computer. For the B737,
CTAS used performance data from the manufacturer’s
performance engineer’s manual including drag, thrust,
and fuel consumption as a function of aircraft state
(actual performance was a measured output of the
study). Atmospheric data (winds and temperature aloft)
were obtained from the National Oceanographic and
Atmospheric Administration (NOAA) Mesoscale
Analysis and Prognostic System (MAPS) [13].3

Radar SectorTraffic Management Unit

EDA Test
Engineer

Traffic
Management
Coordinator

Controller

Normal ATC VHF
(pilot <-> controller)

communications

VHF "Test"
communications

Denver ARTCC

TSRV

Figure 2. Flight-test set up.

Although the Phase-II tests evaluated FMS and CTAS
predictions in parallel, the TSRV FMS used data from
sources different from those CTAS used. Airplane-state
data were taken directly from aircraft measurements.
Wind profile data were manually entered into the FMS
for each run based on measurements from previous
runs. Performance data was calibrated from previous
flight test activities. These sources were not only more
accurate than those used by CTAS, the wind and
performance data were even more accurate than those
currently used for commercial FMS operations. This
approach highlights the potential operational
differences between CTAS and FMS predictions.4

Airplane state, winds and temperatures aloft, and the
real-time FMS-trajectory predictions were recorded
onboard the TSRV for later analysis. Real-time CTAS
trajectory predictions, aircraft track, and MAPS data
were recorded by CTAS. All data were time-tagged to
Universal Time (UTC) for correlation after the flight.

TSRV Research Flight Deck.

The RFD provided the flexibility to evaluate several
levels of FMS capability. The RFD was equipped with
eight glass displays, a mode-control panel (MCP), and a
control-display unit (CDU) to interface with the FMS
computer (Figure 3). Both pilot positions were provided
with their own CDU, primary flight display (PFD) and
navigation display (ND). The ND included a typical
range-altitude arc to project the climb or descent
intercept of a target altitude (Figure 4). For Phase-II, a
special “along-path” altitude marker was also displayed
                                                            
3 MAPS is the research prototype version of the Rapid Update Cycle.
4 Prior to the flight test, CTAS was validated against the TSRV FMS
using the same input data. Differences were negligible with predicted
arrival times within 2 sec and tops-of-descent within 2 nm.

to correct the projection for turns during climb or
descent. The MCP and four supporting displays
(engine/system monitoring) were located between the
pilot positions. Detailed descriptions of the TSRV FMS
and pilot displays and interface are provided in [14].

Figure 3. TSRV research flight deck.

Figure 4. TSRV navigation display (ND).

Phase-I Test Conditions

The P has e- I tes t em p lo yed  two  p r oced u res: ( 1 ) id le
d es cents , an d  ( 2)  co ns tr ain ed  d escen ts. F or  id le- descen t
cas es ,5 th e pilot clos ed  th e th r ottle at th e CTA S- adv is ed
top -o f- d es cen t (TOD )  and  main tained the CTA S -adv ised
s peed  p r of ile u sing  pitch . Near  th e b otto m- o f- des cent
( BO D)  altitu d e, the pilo t lev eled of f  and  d eceler ated  to 
the m eter- fix -cro ss ing  s p eed (2 5 0 kn o ts  o r les s) .

Although constrained descents are initiated in a manner
similar to idle descents, the pilot adjusts thrust or speed
brake during the descent to conform with BOD-crossing
restrictions (i.e., altitude and speed at the meter fix).
Constrained descents represent a more operationally-
realistic procedure that effectively mitigates the impact
of trajectory-prediction errors on the descent profile. A
detailed description of all Phase-I and -II descent
procedures may be found in [14].

Test Matrix.  The test matrix (Table 1) was designed to
evaluate CTAS accuracy over the nominal speed
envelope of the TSRV. For idle-descent cases, seven
speed profiles were selected to generate a representative
set of constant-speed and deceleration segments.  This
approach generated a balanced set of trajectory cases
(for prediction-accuracy analysis) and a broad set of
                                                            
5 The purpose of the idle-descent procedure was to provide a direct
measurement of CTAS trajectory-prediction accuracy (which used an
idle-descent model for the TSRV). Operational versions of CTAS
match the descent procedures to individual aircraft-performance types
and operating conditions (e.g., a near-idle thrust descent model is
used for most jet types, and power-on models used for prop types).
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data for evaluating TSRV-performance characteristics.
Constrained cases were flown from both flight decks
using the first three speed profiles.

Table 1. Phase-I test matrix.

Test
Case

Cruise
Speed

Descent
Mach/CAS

Description of
Procedure

1 I Mach 0.72 0.72/280 Nom, Idle

2 I Mach 0.76 0.76/330 Fast, Idle

3 I 220 KCAS        /220 Slow, Idle

4 I Mach 0.76 0.76/280 Fast Crs, Nom Des

5 I 220 KCAS          /280 Slow Crs, Nom Des

6 I Mach 0.72 0.76/310 Nom Crs, Fast Des

7 I Mach 0.72        /240 Nom Crs, Slow Des

1 CF Mach 0.72 0.72/280 Nom, Const. FFD

2 CF Mach 0.76 0.76/330 Fast, Const. FFD

3 CF 220 KCAS        /220 Slow, Const. FFD

1 CR Mach 0.72 0.72/280 Nom, Const..RFD

2 CR Mach 0.76 0.76/330 Fast, Const. RFD

3 CR 220 KCAS        /220 Slow, Const. RFD

Knots Calibrated Airspeed (KCAS) Cruise (Crs)
Idle-descent procedure (I) Descent (Des)
Constrained-descent procedure (C) Nominal (Nom)

Phase-I analysis included 23 arrival runs conducted
over a period of one week in October 1992.  Data was
collected for 12 idle-descent runs and 11 constrained-
descent runs. Although the goal was to collect data for
26 runs (two runs per test case), 3 runs were excluded
from analysis due to experimental-system failures.
Weather conditions were generally good. The most
significant weather condition was a strong jet stream
affecting two flights (9 idle-descent runs).

Phase-II Test Conditions

The Phase-II test expanded upon Phase-I in two ways.
First, the arrival routing included a large turn (60°
course change) during the descent. Descents with turns
were of particular interest due to the increased
complexity of lateral and vertical profile tracking.
Second, the test matrix was expanded to investigate the
accuracy of FMS predictions and the utility of VNAV
capabilities for improving predictability. Three levels of
FMS capability were chosen to represent a cross-section
of capabilities available on current airplanes:

1) Classic aircraft (without FMS)
2) FMS-equipped with VNAV capability
3) FMS-equipped with range-altitude arc capability.

Four sets of pilot procedures were developed for the
TSRV to take advantage of these levels of FMS
automation. The names of these four procedures follow:

1) Classic (Non-FMS)
2) Conventional FMS (using the FMS TOD)
3) FMS with CTAS TOD
4) Navigation-Display (ND) Arc.

 These procedures mimic the techniques proposed for
use by airline-flight crews to follow CTAS descent
advisories. The Non-FMS procedure was flown from
the FFD, the latter three “FMS” procedures, from the
RFD. All of these procedures called for the pilot to

follow the descent-speed profile while monitoring and
ensuring conformance with the BOD-crossing
restrictions. An investigation of operational procedures
and flight-crew human factors is presented in [15].

 Cla ss ic (N on - FMS) . Th es e p ro ced ur es  ev olved  f ro m the
P hase-I  co ns train ed - descent p ro ced ur es. V er y -h ig h 
f requ en cy Om n i- rang e Receiv er  ( V OR) g uidance
p ro vided  lateral tr ack in g .  For  th e v er tical p ro f ile, th e
p ilot m ain tained cr u is e altitud e and  sp eed u p to  th e
CTA S TO D . Th e TOD  p o sitio n was identified  as  a
D is tance-Meas ur in g- Equ ip m en t (D ME)  r ang e to  a
r ef er en ce- VO R s tatio n (D env er  in  this  cas e) . A t TOD ,
the p ilo t in itiated  th e d es cent by  r etard in g  the th ro ttle to 
idle.  If th e d es cen t sp eed  w as  less  th an  th e cr u is e sp eed ,
the p ilo t deceler ated in  level f ligh t to th e d es ired des cent
s peed . O th er w is e, th e pilot p itched o ver an d  d es cen ded at
the CTA S -adv ised Mach/CA S -s peed  pr of ile. Pr ior  to 
cro ss in g  1 8,0 00  f eet, th e p ilot up dated  the altim eter  f o r
the local setting . The p ilo ts  w ere in stru cted to  mo nito r 
and  con f or m to th e BOD -cr os sing  restr iction s .

 Conventional FMS.  These descent procedures utilized
the FMS capability to plan and fly a VNAV profile
based on the CTAS-advised descent-speed profile. The
pilot used the VNAV capability to plan and initiate the
TOD independent of the CTAS-TOD advisory. These
runs facilitated the comparison between the CTAS and
FMS TODs. All RFD-test runs were flown using the
TSRV autopilot for lateral tracking of the LNAV path.

 Measured wind speed, wind direction, and static-air-
temperature data were manually recorded at 4,000 ft
intervals during the initial climb of each flight and on
subsequent descent runs. These data were manually
entered into the descent-wind page of the CDU for use
in the FMS-trajectory prediction. This experimental
process enabled the TSRV FMS to represent the ideal
case of minimum modeling error for trajectory
predictions, airborne or ground-based.

 FMS  with  CTAS  TOD . Th is  p r oced u re, a h yb rid  o f th e
f ir st tw o pr o cedu res , called fo r  the pilo t to plan an d f ly 
the lateral and  v er tical pr of iles us ing  the FMS
cap ab ilities  wh ile initiating  th e des cent at the CTAS 
TOD . Altho ug h  this p ro ced ur e in tro du ced  a d eviation 
f ro m th e V NA V  p ro file near th e TOD , it wo uld  o ff er th e
d ual ad v an tag e of  ( 1 ) a p redictable TOD  f or  co ntr oller
p lann in g  and  (2 ) VN A V gu idance f or  accu rate pilo t
con fo rm ance w ith BO D -cro s sing  r estriction s. Th e
s pecific p ilo t pr ocedu res  u sed to man ag e po ten tial
CTA S- FMS  TOD  diff er ences  may be fo un d  in [1 4 ].

 Navigation-Display (ND) Arc.  These procedures
combined the CTAS TOD of the Classic (Non-FMS)
case with a simple FMS capability for vertical
guidance. LNAV was used for lateral-path tracking,
while a simple along-path range-altitude-arc capability
was used to provide vertical guidance for the BOD-
crossing restriction. The goal was to explore the
feasibility of a simple alternative to complex
performance-based VNAV capabilities.

 These p r oced u res wer e sim ilar  to  the Ph as e- I 
con strained- d es cents  f lo w n fr om  th e RFD .  Fo r Ph ase-I I
h ow ev er , the TS RV -r ang e- altitud e arc was mo d if ied  to
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d is play  th e p ro jected ran ge alo n g th e LNA V p ath at
w hich  th e air plan e w ou ld  reach the BO D altitud e ( Figu re
4 ). A lth ou gh  th is  p r ojected  r an g e ov erlap ped  the rang e- 
altitud e arc on  s tr aig ht segm en ts, th is  g uid an ce acco un ted 
f or  the lo ng er rang e alo n g a path with tu rn s . Th is
g uidance h elp ed  the pilo t to mo r e accur ately  tar g et the
BOD  location  du ring  th e ear ly  s tag es  of  the descent.

Test Matrix. The Phase-II test involved 12 cases, based
on three speed profiles and four pilot procedures (Table
2), with the goal of completing two runs of each case.

Table 2. Phase-II test matrix

Test
Case

Speed Profile
CRS / DES

FMS/Automation Flight
Deck

1 A 0.72 / 0.72/280

2 A 0.76 / 0.76/240

3 A 0.76 / 0.76/320

Classic (Non-FMS)
VOR/DME

CTAS TOD

FFD

1 B 0.72 / 0.72/280

2 B 0.76 / 0.76/240

3 B 0.76 / 0.76/320

Conventional FMS
LNAV

VNAV

RFD

1 C 0.72 / 0.72/280

2 C 0.76 / 0.76/240

3 C 0.76 / 0.76/320

FMS w/ CTAS TOD
LNAV

CTAS TOD & VNAV

RFD

1 D 0.72 / 0.72/280

2 D 0.76 / 0.76/240

3 D 0.76 / 0.76/320

Nav Display (ND) Arc
LNAV

CTAS TOD & ND-Arc

RFD

 
Phase-II analysis included 25 arrival runs conducted
during 9 daytime flights over a period of one week in
September 1994.  Two runs were collected for each
case (with the exception of 3 runs for case 2B). A
variety of weather conditions were encountered. Light
winds and stable conditions prevailed during the first
two days of testing (10 runs).  Convective buildups and
stronger winds (approximately 60 knots at cruise) were
encountered on the third day of testing (6 runs) with
storm cells and light rain in the vicinity of the descent
turn. Good weather prevailed for the fourth day of
testing (3 runs). The fifth day (3 runs) encountered a
frontal passage that introduced strong and variable
winds aloft (80-90 knots) and snowstorms throughout
Colorado that forced the termination of that flight. The
strong winds continued for the final day of testing (3
runs) with clear conditions. High pressure dominated
the area throughout the test with altimeter settings that
were above standard each day (a characteristic that
exacerbated a system error described in a later section).

 Results and Discussion

 The f lig ht-test r es u lts are p res en ted  in th r ee s ectio ns :
Err or  S o ur ces  and  Magn itu des, 4 D  Trajecto ry - Pr ed ictio n
A ccur acy  ( CTA S an d F MS ), an d CTA S Ar r iv al-Time-
Err or  A cco un tin g. Th e fir st s ectio n p resents  the an alys is
o f er ro r  com p on en ts  th at, in co m binatio n, lead  d irectly  to 
the o bs erv ed  tr ajector y- p rediction  er ro rs  d escrib ed  n ex t.
The auth or s cho se th is  o r der of  pr es entatio n  to f acilitate
the u nd ers tan ding  o f  the ob serv ed 4D  tr ajector y- 
p rediction -accu racy  resu lts  in the s eco nd  s ectio n . Th e
third  s ectio n  then p ro vid es  a co mp lem en tary  an aly sis of 
the trajecto r y- pr ed ictio n  err or s  b y accou nting  f o r th e
con tr ib u tion  of  each  err o r so ur ce to  th e to tal o b serv ed 

err or  ( i.e., ho w mu ch tim e er ro r  w as  du e to  wind - 
p rediction  er ro r as  op po s ed  to p er fo r mance- m od el er ro r
and  o th er so u rces ). Du e to limitatio n s in  th e sco pe o f this
p ap er , err or - acco un tin g r es ults  will on ly  b e p res en ted f or 
the m eter- fix  arr iv al- tim e- er ro r  r es u lts.

Error Sources and Magnitudes

The f iv e m ain  CTA S err or  so ur ces  enco un tered  w er e ( 1) 
Rad ar  Tr ackin g Er ro r s, ( 2 ) Airp lan e P er fo rm ance Mod el
Err or s, (3 ) A tm os ph eric Mod elin g  Err o rs , er r or s in (4 )
P ilot Co nf or m an ce, and  ( 5 ) Ex per im en tal S ys tem  Er ro rs .

 Rad ar -Tr ackin g Er ro r s. Er ro rs  in  es timated  p os ition  an d
v elocity  w er e analy zed  b y  com par in g the r ad ar tr ack  and 
G PS  d ata acr o ss  all ru ns . The alon g- track -p o sitio n er ro r 
( at the in itial con d itio n  f or  th e CTA S pr ed ictio n s)  h ad  a
m ean les s th an 1.0 n m with a stand ar d  d ev iatio n les s th an
0 .5  n m f or  b o th  tes t p has es .6 Th e co r resp o nd in g cro ss - 
track  er ro rs  disp lay ed  m ean s an d  s tan dard  d eviation s
b elow  0 .2 nm .7 Fr om  a co ntr oller’ s  p oin t of  v iew 
r eg ar din g th e s ep ar ation  an d sp acing  of  f lig hts, th is  m ean 
alo ng -tr ack err or  is  ess entially  a s y stem atic bias th at
can cels  itself ou t8 w hile th e stand ar d d ev iatio n wo u ld 
add  to the u n certain ty  in  s ep ar ating  an y tw o  f lig hts.

 The g ro u nd -s p eed er r or s at th e CTA S initial co nd ition s
r es ulted  in m ean er r or s les s th an 5 k no ts  w ith  s tan dard 
d ev iatio ns  less  than  7  k n ots fo r  b oth  p hases . Th e m ean
initial tr ack -ang le er ro r s were with in 3 deg  w ith  s tand ard 
d ev iatio ns  less  than  6  d eg. S ig n if icant tran sien t err or s  in
the tracker w er e als o ob s er ved ( e.g., ass ociated  with 
tur ns ) b ut d id no t imp act the test r esu lts [ 14 ]. A to tal o f
4 5 Ph as e-I I tur ns  w ere an alyzed , r an g in g fr o m 3° to  3 05 °
w ith a m ean tur n an g le o f  6 8°. The g r ou nd - sp eed err or 
v ar ied w ith tur n size, o f ten ex ceedin g 10 0 k no ts , w ith a
m ean of  37  k n ots du r in g the actu al tu rn  m an euv er .
F ollo win g th e tur n, it to ok  an averag e of  9 3  s ec fo r th e
g ro un d- s peed  er ro r to dr o p belo w  1 0 k no ts . The m ean 
err or  d u ring  th es e trans ien t per io ds  was 59  kn ots .
A ltho ug h  the mean  tr ack- ang le er ro rs  were r elativ ely
s mall, the s tan dard  deviation  d u ring  actu al tu rn s  w as  2 8 °.
These tr an sient v elo city - es timatio n err or s, ev en  th ou gh 
o ccas io n al, cou ld  b e p ro b lematic f or  ATM- DS T
app licatio ns  if  they  are no t red uced  in  s ize b y imp ro ved 
s ur veillan ce sy stem s .

 Airplane-Performance-Model Errors. Analysis of
flight-test data indicated that the actual TSRV drag was
11% greater than modeled [14]. The actual idle-thrust
was also greater than modeled, yielding an average of
5% error in net thrust-minus-drag over the descent. For
Phase-II, CTAS used the published performance data
while the TSRV FMS used the actual performance data.
CTAS modeled the weight of the TSRV with a typical
descent weight of 85,000 lb, while the FMS model used
                                                            
6 One nmi of along-track error in the initial condition was
approximately equivalent to 6.4 seconds of time error for these tests.
7 The along-track error was primarily due to the lack of a Host time
stamp. The CTAS-estimated time stamp may be up to 12 sec off (the
period of one Host track-update cycle).
8 From an air-ground trajectory-exchange point of view, the mean
along-track error would affect trajectory-prediction accuracy also.
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the actual weight of the TSRV (averaging 83,560 lbs
with a standard deviation of 4380 lbs during test runs).

 Atmospheric Modeling Errors. CTAS accuracy
depends, in large part, on the accuracy of the predicted
atmospheric characteristics (winds and temperature
aloft).  Winds and temperature form the basis for
ground-speed-profile predictions related to CTAS speed
advisories. Winds are also critical in estimating
airspeed from radar-based ground-speed. Wind gradient
(with respect to altitude) directly influences the rate of
climb and descent.  Temperature profiles and altimeter
settings are used to correct airplane performance for
non-standard atmospheric conditions.

 Atmospheric modeling errors were analyzed by
comparing TSRV measurements with the CTAS-
interpolated values at specific altitudes along each
flight. General results are summarized here; detailed
results may be found in [14, 16].

 Wind error (Flight - CTAS), knots

Phase I

Along-Track Wind Error

Mean

Standard Deviation

Figure 5a. Aggregate CTAS wind error, Phase-I.

 
Wind error (Flight - CTAS), knots

Phase II

Along-Track Wind Error

Mean

Standard Deviation

 Figure 5b. Aggregate CTAS wind error, Phase-II.

 Over both test phases, temperatures tended to be
warmer than standard with a larger altitude gradient
(lapse rate). Mean values ranged from 8-9° C above
standard, at lower altitudes (17,000 ft), to 2° C above
standard, at cruise altitudes. Mean errors were
approximately 3° C in Phase-I and 1° C in Phase-II.

 The accuracy of predicted winds was not as good as
that of temperatures. Figure 5 presents a composite of
wind errors as a function of altitude. Although the mean
of the predicted wind errors tended to be much smaller
at the lower altitudes, the standard deviation at all
altitudes was still quite large (10-20 knots). In fact, the
wind error at cruise approached 80 knots for several

Phase-II runs. Results from these tests revealed the
occasional existence of “large” errors in the predicted
wind field (greater than 20 knots) that span multiple
sectors for periods greater than several hours at a time.9

Further analyses of the wind errors revealed that an
error in the CTAS wind-interpolation scheme (since
corrected) contributed about 30% of the total error [17].

 In Phase II, the wind data that was hand-collected and
entered into the FMS, for each FMS run, was much
more accurate than the CTAS data. Figure 6 shows the
mean differences between measured winds and those
entered into the FMS for Phase-II flights. The standard
deviation of the FMS wind error was approximately
half as large as that of the CTAS wind error [14]. This
data is used to support the analysis of the TSRV FMS-
based trajectory predictions in the next section.

 Mean wind error (Flight - FMS), knots

Runs using FMS TOD

Runs using CTAS TOD

 Figure 6. Mean FMS along-track wind error, Phase-II.

 Pilot Conformance. These errors represent the accuracy
of pilot conformance with airspeed, TOD, and route
clearances. The TSRV pilots were able to maintain
speed within 1% (mean) of the clearance speed with a
standard deviation less than 2% (Table 3). For the runs
using CTAS-TOD procedures, the mean TOD error was
0.9 nm late (i.e., actual TOD was downstream of the
CTAS TOD) with a standard deviation of 0.8 nm.

Table 3. Pilot conformance to speed clearances.

 Phase-I
 FFD  RFD

 
Speed Profile

 Mean  Std dev  Mean  Std dev
 Cruise, Mach  0.005  0.009  0.001  0.003
 Descent, Mach  0.008  0.007  0.001  0.009
 Descent, KCAS  -0.9  3.4  -0.2  3.1

 Phase-II
 FFD  RFD

 
Speed Profile

 Mean  Std dev  Mean  Std dev
 Cruise, Mach  0.010  0.007  0.001  0.004
 Descent, Mach  0.009  0.008  0.004  0.008
 Descent, KCAS  1.5  5.5  0.3  4.8

 Lateral-path errors were not a factor for the straight-
path descents in Phase-I. For Phase-II however, the
Classic cases (VOR-radial tracking) did experience
lateral-path deviations that generated notable along-
track and cross-track error. During these runs, the pilots

                                                            
9 A 13-month study of Denver airspace confirmed this phenomenon
and validated two approaches that significantly reduce this error [16].
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tracked the VOR radials as precisely as possible, and
were generally within one needle-width of the outbound
r ad ial f ro m the H ay d en  ( CHE) VO R ( Fig ur e 1b ) . Later al-
path deviations of greater than one mile occurred during
and after the turn at ESTUS even though the pilots were
using the flight director and course-deviation indicator
(CDI) to their best advantage. Although no data was
recorded on CDI deflection, actual cross-track error was
recorded and is examined in a following section.

 Experimental-System Errors. These errors are uniquely
attributable to the experimental nature of the CTAS and
TSRV field-test systems and would not be characteristic
of operational systems. Where possible, appropriate
corrections were made to the 4D accuracy analysis
presented in the next section; where not possible, the
impact of these errors on the results is described.

 During Phase-I, a computational error in the CTAS
trajectory-generation code inadvertently nulled the
wind-gradient component of the descent-rate
computations. Phase-I runs encountered along-track
gradients ranging from 0-4 knots/1000 ft. Off-line
analyses of the TSRV airplane indicated that each 1
knot/1000 ft error in the along-track-wind gradient
contributed an approximately 3.5% error to the descent
rate. This CTAS bug was corrected prior to Phase-II.

 Several different problems affected Phase-II data. First,
a routine FAA update to the radar-coordinate-system
adaptation occurred during the test. Unfortunately, this
information was not updated in the CTAS adaptation
database. This resulted in a CTAS initial position error
of approximately 1.5 nm for all of the runs. Post-test
analysis corrected for this error by adjusting the process
used to correlate track data with recordings of the
predicted trajectories.

 The second error affected the CTAS initial-speed
estimate for three Phase-II runs. At the time of the test,
CTAS synthesized cruise segments for arrivals via
backward integration from the predicted TOD (as
opposed to the current technique of forward integration
from the flight’s initial speed estimate). An error in the
wind-interpolation scheme (since corrected) artificially
introduced a large difference between the predicted
ground-speed in cruise and the radar-track-based
estimate. This error directly affected the time-profile-
error results discussed in the next section.

 A third error affected the CTAS model for non-standard
atmospheric conditions. A sign error in the correction
for the local altimeter setting (since corrected)
introduced a 400-800 ft error in the predicted BOD
altitude for all Phase-II runs. The higher-than-standard
altimeter settings resulted in a CTAS prediction of
BOD altitude that was higher than actual.

 The final CTAS-system error involved a bug in flight-
plan processing. Later analysis revealed that flight-plan
amendments (routinely made by the controllers between
TSRV runs) triggered CTAS to assign an incorrect
airplane model to the TSRV. Although the incorrect
model (the commercial variant of the B737) contained
identical thrust and drag data, the nominal descent
weight modeled by CTAS was 13,000 lb heavier. This

heavier weight resulted in shallower descent-profile
predictions for the runs affected.

 One experimental-system error affected the TSRV FMS
vertical-profile predictions. An unintended software
“feature” incorrectly led to an excessively large (5000
f t)  integr ation -s tep  s ize f or  d escen t s eg men ts . Compared
with a nominal setting of 500 ft, the larger vertical step
size resulted in a significant error in the estimation of
the along-path winds. This error artificially contributed
to the difference between the CTAS and FMS
prediction results presented in the next section.

 4D Trajectory Prediction Accuracy

 The CTA S  and  FMS tr ajecto ry  p red ictio ns  w er e
com pared  w ith  the actu al path  as  m eas ur ed  b y  the TS RV .
Each 4D  tr ajector y w as  d eco mp os ed in to fo ur  co mp o nent
2 D pr of iles: (1 ) Cr o ss -Tr ack, ( 2 ) Alo ng -Track, ( 3 )
A ltitud e, an d  ( 4)  Time. Each 2D  pr of ile w as  fo rm ed by 
cor relatin g the p ro f ile p ar am eter (e.g., cr o ss -tr ack)  w ith  a
com mo n r ef er ence path def in ed  b y  the pr ed icted 
trajecto ry . A naly sis  w as  perf or m ed  at trajecto ry  “g ates ”
cor resp o nd in g  to ver tical-p ro file ev ents (i.e., the initial
con ditio n, TO D, interm ed iate altitud es, BOD , and  meter
f ix ). Th is  d eco mp os ition  facilitated  th e an aly sis  and 
p resentation  of  r es u lts acr os s all th e ru ns . F or  the
p ur po ses  o f this pap er , err or s are d efined as neg ativ e if
the air craft reaches  a g iven state earlier ( in  time) or 
f ur th er  up str eam (alon g p ath)  th an  w as pr ed icted . F or  th e
err ors pr esented in the following  sections, this co rr es p on ds 
to th e s ig n con vention  o f  “actu al min us  p red icted .”

 Cro ss-Tra ck Pro file. Results for Ph ase-II  are illustr ated in
Figure 7.10 Although the lateral error for the LNAV assisted
run s was neglig ible, the Classic (Non-F MS) ru ns exh ibited 
a s ignificant error consistent with the findings in  [2].
Figure 8 illustrates several example lateral profiles for
Classic (Non-FMS) runs. Prior to the turn, errors in
VOR-radial tracking resulted in a mean “offset” of
nearly 1 nm (left of course) with a standard deviation of
approximately the same size. Additional error, resulting
from turn overshoot, essentially doubled the cross-track
error following the turn.

 Figure 7. Cross-track error, Phase-II.

                                                            
10 For brevity, only Phase-II results are presented since cross-track
error had a negligible impact on Phase-I results.
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Figure 8. Sample (Non-FMS) lateral paths, Phase-II.

Alo ng -Tr ack Pro file. Figu re 9 pr esents the alon g- tr ack 
p ro file er ro r . As  in  the cr os s- track  pr of ile, th e err or 
ass ociated  w ith  the LN AV  ru ns  w as neg ligible ( pr imarily 
b ecau se of  th e cr os s -track accu r acy) . The f igu re also 
illus tr ates the CTA S  accu racy  in  p red icting  th e p ath of 
the tur n . Ho w ev er , the cr os s- tr ack  er ro r fo r  the No n- FMS 
r un s, co up led  w ith the tu rn  o ver sh oo t, resu lted in a
s ig nifican t increas e in d is tance f lo w n. The cu mu lativ e
eff ect o f cr o ss -track er r or s ad d ed  a mean  o f  1 .3  nm  to the
p ath len gth w ith a s tand ard  d ev iatio n  o f 1.1  n m.

Figure 9. Along-track error, Phase-II.

Altitude Profile. Figure 10 presents the Phase-I
altitude-profile results. Both procedures began similarly
with a slight error after TOD due to a 1 nm round-off of
the CTAS TOD advisory and unmodeled transients in
the pilot’s pitch-over and throttle reduction. The TSRV
then descended approximately 15% steeper than
predicted. This error was primarily due to errors in the
CTAS performance model (5%) and the wind-gradient
bug (7%). Actual wind gradients during Phase-I
averaged 2 knots/1000 ft. The largest altitude error
occurred near the bottom of the descent with a mean of
just over 1500 ft and standard deviation of 900 ft.
Compared with idle-descent cases, constrained-descent
procedures reduced the maximum error by 50%.

The altitu de- pr of ile r es u lts fo r  P has e- II  w ere m o re
com plex  (F ig u re 1 1) . F or  th e No n -F MS  ru ns , the f lig hts
s ligh tly  o ver sh ot th e CTA S TO D and  b egan th e d es cen t
abo ve p ath . D ur in g d es cen t, the mean  er ro r f ell b elow  th e
CTA S- pr edicted path  (p rim ar ily d ue to  p er fo r mance and 
w in d- mo d elin g  err or ) . Th e err or  gr ow th th en  in cr eas ed  at
the low er altitud es  fo llo wing  th e tu r n (b elo w FL2 50 ).11

The err o r th en dr op p ed  o f f as  th e TS RV ap pr o ached  the
BOD  altitu de. The f inal err or  at the meter f ix  ( f or  all

                                                            
11 The turn overshoot contributed approximately 400 ft (below path)
to the mean altitude error with a standard deviation of about 370 ft.

r un s)  w as du e entir ely  to  the s y stem atic ex p er im ental
err or  in  the CTAS  altimeter -s ettin g cor rection .

Figure 10. Altitude-profile error, Phase-I.

Figure 11. Altitude-profile error, Phase-II .

In comparison, the FMS cases (FMS and CTAS TOD)
exhibited a large “above path” error just after TOD that
monotonically reduced (in both mean and standard
deviation) toward the BOD. This error was due to
differences between the FMS and CTAS vertical-profile
predictions. Performance model differences and
experimental errors tended to make the FMS-predicted
paths steeper than CTAS. The FMS-computed TOD
was 2.5 nm later than the CTAS-predicted TOD, on
average, with a standard deviation of 2.8 nm. Even with
these differences, the FMS vertical guidance
dramatically reduced the altitude error over the descent.

A comparison between FMS cases reveals a significant
difference in vertical-profile error. The mean error for
the CTAS-TOD procedure was approximately 500 ft
larger (above the CTAS path) for intermediate descent
altitudes. This difference was not caused by the
procedure per se, but was due to other factors
coincident with the runs (i.e., variation in both the wind
error and effect of the experimental system error on the
TSRV-FMS vertical-profile integration). Except at the
top-of-descent, where the CTAS-TOD procedure
mitigated differences between the FMS and CTAS
p rediction s, bo th  F MS cas es  u sed  the FMS ver tical p ath.

Similar to the Non-FMS runs, the ND-Arc runs also
exhibited an initial growth in mean error (below the
CTAS path) following the TOD. However, as the
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TSRV descended, the error growth was reversed as the
pilots used the ND-Arc guidance to control the BOD.

Tim e Pr o file. Th e cr itical o utpu t o f 4 D pr ed ictio n s is  th e
alo ng -tr ack- tim e pr o file. The r esu lts  p resen ted h er e
r ef lect ad ju s tm en ts  th at r em ov ed  th e inf lu en ce of  radar- 
track -p o sitio n er ro r s an d  the P h as e- I I ex per im en tal
coo rd in ate-s y stem  er ro r.  App licatio n  o f th ese r esu lts f or 
con flict-p ro b ab ility  analys is , o r th e s izin g  o f s ep ar ation 
b uf fers , m us t accou n t fo r  the ad ditio nal un cer tainty du e
to radar -track- po sitio n err or . A  s up p or ting  an aly sis of 
s peed -p r of ile err or  is  p r ov id ed  in  [ 1 4] .

Phase-I time-error-profile results are presented in
Figure 12. Both the idle and constrained cases have
similar profiles prior to the middle of descent, followed
by a reduction in time-error growth associated with the
constrained cases (due to their reduced vertical-profile
error, as illustrated in Figure 10).

Figure 12. Phase-I time-profile error.

P hase-I  meter -f ix -time-er ro r res ults  ar e su m marized  in
Tab le 4 . The time er ro r f or  all ru ns  was les s th an 17  s ec
in mean  an d 1 5 sec in stand ar d d ev iatio n. F o r th e idle- 
d es cent cases , ad ditio nal analy s is  in dicated  that w in d- 
p rediction  er ro r accou nted fo r app ro x im ately  7 0% of  the
m ean er r or  an d near ly all o f th e s tan dard  d eviation  [ 14 ] .
The r em ain der  o f th e m ean  err or  was p rimarily du e to
err ors in  the CTAS performance mo del.12 Co mpared  with
idle des cents , th e con str ained p ro ced ur es  w ere ex pected 
to be m o re accu rate du e to th e p ro ced ur e’ s m itig ation  o f 
v er tical-p ro f ile er r or . The RFD - co ns train ed  cases  d id 
r ed uce the m ean  err o r by  40 % an d  s tan dard  d eviation  b y
3 3%. Ho w ev er , p ro blems  r elated to FF D -con str ained -
p ro cedu r e tr ain in g led  to  les s f av or able res ults .13

Arrival-time-accuracy results for Phase-II are presented
in Table 5 for both CTAS and FMS predictions.14

Results for CTAS predictions will be discussed first,
followed by results related to the FMS-predictions.

Overall, the CTAS arr ival-time er ror fo r all Phase- II run s
was  within 10 s econds  in mean and  14 seconds in standard

                                                            
12 Although performance-model error has a small impact on descent-
prediction accuracy the impact on ascent predictions will be large.
13 A training error led to premature deceleration at BOD. Lessons
learned led to improvements that prevented this problem in Phase II.
14 Comparison of CTAS and FMS accuracy should be restricted to
Conventional FMS and FMS-with-CTAS-TOD runs only. The other
cases did not use the FMS-VNAV path for guidance.

dev iation . A co mparis on of Tables  4 and  5 sho ws an
interesting shift in the mean CTA S arrival-time err or.
While the TSRV tended  to ar rive later than pr edicted in
Phase-I, it arr ived earlier  than predicted in  Phase-II. This
res ult was due to a combination o f wind -prediction error
and  cours e that led to a stronger  headw ind (than pr edicted)
in Phase- I, and  a str onger tailwind in Phase- II.

Table 4. Phase-I meter-fix arrival-time error.

Time error, sec
Procedure Case

Mean Std. dev.
Idle descent 16.6   9.9

Constrained (RFD)   9.9   6.4
Constrained (FFD) 16.4 14.8

Table 5. Phase-II meter-fix arrival-time error.

Time error, sec
CTAS FMS

Procedure
Case

Mean Std. dev. Mean Std. dev.
Non-FMS    1.9   8.7

Conventional FMS - 4.6 13.9 2.0 11.3
FMS w/ CTAS TOD - 9.9 10.2 2.8   4.4

ND-Arc    2.3 13.8
All runs - 2.7 12.3

Considering the Phase-II CTAS results alone (Table 5),
it was surprising to find a smaller error for the Non-
FMS case compared to the three other FMS-related
cases. The three FMS-related cases were expected to
have less error due to the advantages of lateral and
vertical guidance. Further time-profile analysis (Figure
13) revealed the following. For the Non-FMS case, the
mean error grew rapidly until midway through the
descent (15 sec early), and then fell off to end up 2 sec
late at the meter fix. This reversal was due to
compensating errors that included a stronger tailwind
(than predicted) and turn overshoot. If the results are
adjusted to remove the turn-overshoot effect, the net
arrival-time error would be –11.0 sec mean (i.e., early)
with a standard deviation of 15.5 sec. Compared to
these adjusted results, the FMS-related cases resulted in
less time error due to their mitigation of vertical error.
The ND-Arc case showed comparable accuracy without
requiring performance-based VNAV capability.

Figure 13. Phase-II time-profile error.

Table 5 also presents time-error results for the TSRV-
FMS predictions for the two VNAV procedures flown.
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The primary factor contributing to the differences
between the FMS and CTAS predictions was the source
of wind data.  Compared to the CTAS predictions, the
mean along-track-wind errors were significantly lower
for the FMS predictions (Figures 5 and 6), resulting in a
lower mean arrival-time error. Further analysis showed
that the difference in standard deviation between the
FMS-prediction cases was primarily due to a
coincidental difference in the standard deviation of
along-track-wind error between the two cases
(approximately 9 knots for the Conventional-FMS case
and 4 knots for the FMS-with-CTAS-TOD case) [14].
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Figure 14. Arrival-time-error accounting

CTAS Arrival-Time-Error Accounting

Additional Phase-II analysis provides an accounting of
CTAS arrival-time error as a function of error sources.
This breakdown of the impact of individual error
sources is presented to facilitate deeper analysis and
insights that may extend the modest sample size to a
more significant representation of real-world CTAS
trajectory-prediction-accuracy performance. For the
purposes of this paper, results are presented for arrival-

time error only (Figure 14). The top seven error sources
are represented. The two right-most columns present
the observed errors (Table 5) and the residual error that
was not accounted for by the seven sources.

Figure 14 clearly illustrates the dominance of wind-
prediction errors on CTAS trajectory prediction (third
column from the right). However, for the classic (Non-
FMS) runs, another dominant factor, turn overshoot,
compensated for the winds, resulting in a remarkably
small net arrival-time error. The figure also indicates
that although the experimental system errors combined
to contribute a visible effect on the vertical-profile
predictions (Figure 11), the impact on arrival-time error
was not significant. In general, the cases involving FMS
vertical guidance were dominated by wind error (the
LNAV capability clearly eliminated the turn-overshoot
error). For the ND-Arc runs, however, the combined
effects of the “below path” altitude error (due to errors
in the CTAS performance model) and experimental
errors did provide a modest influence, pulling the
observed arrival-time error slightly late of on time.

In summary, improvements in wind-prediction accuracy
and lateral navigation capability will substantially
improve CTAS arrival-time-prediction accuracy.

Concluding Remarks

Two flight tests were conducted at Denver Center to
evaluate the en route descent-prediction accuracy and
error sources associated with ground-based and
airborne automation systems. A total of 48 trajectories
were analyzed including 23 straight-path-descent runs
(Phase-I) and 25 descents with turns (Phase-II).

The CTAS arrival-time error for all Phase-I runs was
measured to have a mean of 14.7 sec (late) with a
standard deviation of 9.6 sec. Analysis indicated that
wind errors accounted for approximately two-thirds of
the mean time error and nearly all of the standard
deviation. The remaining error was primarily due to
errors in the vertical-profile prediction. Constrained-
descent procedures, compared with idle procedures,
reduced the maximum vertical-profile error by 50%
(approximately 750 ft). Use of FMS-like range-altitude
guidance reduced the mean time error from 16.6 sec to
9.9 sec, and the standard deviation from 9.9 to 6.4 sec.

The CTA S  arr ival- tim e er r or  f or  all P hase-I I  r un s  w as 
m easu red  to h av e a m ean o f 2.7 s ec ( i.e., early)  with  a
s tand ar d  d ev iatio n o f 12 .3 sec. Clas s ic ( No n -F MS ) 
air cr af t r un s  app ear ed  to  h av e the s m allest time er ro r w ith
a m ean o f 1.9  s ec ( late)  an d a s tand ard  d ev iatio n  o f 8.7 
s ec, bu t this  r es ult w as  du e to  a co incid en tal cancelin g  o f
the p rim ar y err or  s o ur ces  ( tu rn  ov er s ho ot, r elated to 
con vention al VO R- ro u te g u id an ce, and  wind -p r ed ictio n
err or ). Tu rn  ov er sh o ot co ntribu ted  a mean  er ro r o f 12  s ec
( late) w ith a s tand ard  d eviatio n  o f 9  s ec. W in d err or 
con tr ib u ted a m ean o f -1 2  s ec ( i.e., early)  with  a stan d ar d
d ev iatio n of  11  s ec. S eco nd ar y err or  so ur ces , in clu ding 
the initial g ro un d- s peed  (d ue to  tracker er r or ), altitu d e
p ro file (d ue to  m od el er r or ), an d ex p er im en tal er ro r, each 
con tr ib u ted 3  s ec o r  les s  to th e m ean  err or .
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CTA S res ults  fo r Co n vention al-F MS ru n s in dicated  a
m ean er r or  o f  – 4.6 s ec ( i.e., early)  with  a stan d ar d
d ev iatio n of  13 .9  s ec. W ind -p red ictio n er ro r s wer e
d om in an t, with a mean er r or  con tribu tio n of  -5  s ec (i.e.,
ear ly ) and  a stan dar d dev iation  of  1 1  s ec. S econ d ar y er r or 
s ou rces  in clu ded th e initial gr o un d- s peed , altitu de p ro f ile,
and  exp erimen tal er r or s. Alth ou g h th e F MS -w ith -CTAS -
TOD  r un s  r es u lted  in  a larg er  m ean  er ro r an d  s maller
s tand ar d  d ev iatio n than the o th er FMS  cas es , the
d if feren ce w as du e to a coincid ental co mb in ation  of  the
s econ dar y er r or  s ou r ces. Fo r all F MS - related  cas es, the
LNA V gu idance p reven ted tur n- ov ers ho o t er ro r  w hile
the V NA V  g uid an ce s ign if icantly  redu ced  the vertical- 
p ro file er ro r  tow ar d s th e b otto m -o f- d es cent.

The ND-Arc runs demonstrated many of the advantages
of the other FMS cases without the complexity of a
performance-based VNAV system. Although the
standard deviation in arrival time error was similar to
the other FMS cases, the mean error was smaller (2.3
sec late) because of a coincidentally smaller mean
wind-error. The errors in initial ground-speed and
altitude profile were secondary factors. As in the other
FMS cases, the use of LNAV prevented overshoot
error; and the simple range-altitude guidance minimized
the altitude error at both the top- and bottom-of-descent.

Overall, temperature and airspeed errors contributed
very little to time error. Although a measured 5% error
in the CTAS airplane-performance-model did
contribute to vertical-profile prediction error, the impact
on the time profile was small. ATC radar-track position
and velocity estimates also had a negligible impact on
the results of these tests. However, observations of
tracker performance revealed transient ground-speed
errors that exceeded 100 knots and persisted for up to 3
minutes following a turn. Such errors may render the
tracker data useless for DST predictions during turns.
Although several experimental-system errors did impact
CTAS and FMS vertical-prediction accuracy, their
effect was isolated through analysis and their overall
contribution to time-profile accuracy was found to be
small.

The FMS predictions demonstrated better arrival-time
accuracy than the CTAS predictions. However, this
advantage was due to the more accurate data inputs
made available to the TSRV FMS during these tests.
Although an FMS prediction may have access to better
performance-model data, the superior accuracy
demonstrated by the TSRV FMS in these tests is almost
entirely due to better wind data (as opposed to any
algorithmic differences between CTAS and FMS
predictions). In fact, the hand-entered FMS wind-data
used in this test removed much of the wind error that
would be associated with operational FMS use today.

Future research activities will focus on the validation of
climb-prediction accuracy, and the validation and
enhancement of operational wind-prediction products.
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